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Noise-induced hearing loss (NIHL) is estimated to be the most common occupational disease in the United States (US) (1) and the fourth most common in the European Union (EU), with an incidence of 4.7 per 100 000 workers in the EU (2) . Worldwide, it is estimated that approximately 16% of disabling hearing losses are caused by exposure to occupational noise. This percentage is slightly lower (approximately 9%) in highly developed regions, including the US and Western Europe (3). Civilian sectors reporting high prevalence of NIHL include manufacturing, construction, agriculture, and mining (2) . NIHL has been shown to lead to accidents and injury in the workplace (4, 5) and may constitute an operational hazard in the military (6) . It is also a financial burden. In fiscal year 2005, disability payments to military veterans with auditory disorders, including NIHL and tinnitus, exceeded US$1 billion (7). The total cost of NIHL generated by the US military is unknown but probably much higher because of additional NIHL-related costs, such as those attributable to annual monitoring audiometry and the distribution of hearing aids. Currently, hearing protection devices are the primary means by which noise exposure is controlled, albeit with limited success (8, 9) . The cost of NIHL could potentially be reduced if more effective means of controlling noise exposure were implemented (eg, deploying "quieter" systems in some situations). However, such strategies may involve additional expenditures in the short term. To justify the Tufts et al additional expense, a long-term cost model of NIHL would be useful.
The purpose of this paper is to demonstrate the feasibility and utility of developing a cost model for NIHL. First, we outline an economic model of the costs faced by the US government resulting from NIHL for a population of US Navy sailors. Next, we describe the results of a sensitivity analysis of two factors in our model -equivalent noise-exposure level and the cumulative duration of noise exposure. These are the only factors in our model that affect the prevalence and severity of NIHL; both can be reduced in many cases by engineering or administrative controls. The results of the sensitivity analysis are used to determine where limited financial resources can best be focused to reduce NIHL and its associated costs.
Methods
We have previously described the development of our NIHL cost model in detail (10) . In this paper, we summarize the most salient information in order to demonstrate the feasibility of developing such a model and provide background for our discussion of the sensitivity analysis and possible adaptations of the model.
Model description
Costs due to NIHL are divided into those incurred during active duty and payable by the US Navy, and those incurred during retirement and payable by the US Department of Veterans Affairs (VA). For each cost factor, there are two elements -the cost itself and the probability that the cost will be triggered. Cost data are primarily for the Baltimore, Maryland area in 2004. They were obtained from official correspondence, websites, and consultation with US Navy and VA officials and audiologists. No discount rate was applied. Probabilities were derived from data in existing military databases and consultations with Navy and VA officials and audiologists. Computations required only addition, multiplication, and logarithms, so the model was fully deterministic (probabilities were treated as fixed fractions). Both EXCEL (Microsoft Corporation, Redmond, MA, USA) and MATLAB (The MathWorks, Natick, MA, USA) were used.
Data sources and probabilities
In this section, sources of cost data and probabilities are given. Several of the key assumptions in the model are summarized in table 1.
US Navy costs. US Navy costs due to NIHL include those associated with (i) administration and overhead for the Navy hearing-conservation program (HCP), (ii) annual monitoring audiometry, (iii) hearing aids, and (iv) early career reassignment due to hearing loss.
Administration and overhead costs include personnel costs for full-time HCP staff (eg, audiologists and program managers) and the annualized cost of fielding the automated system used by the Navy for audiometric testing and record-keeping. Costs for personnel with part-time HCP-related duties, such as occupationalhealth nurses, were not included; these jobs would be retained even if the HCP were eliminated. The annual HCP administrative and overhead cost per HCP enrollee was calculated at US$12.21. Because this cost is fixed, its probability of occurrence is 100%.
At least once a year, each HCP enrollee has a monitoring audiogram administered by an audiometric technician. Costs include the audiogram, a year's supply of 
General assumtions
Cost data are from 2005 for the Baltimore (Maryland) area. Each US Navy hearing conservation program enrollee receives an annual monitoring audiogram. Average pay grade for a Navy hearing conservation program enrollee is E-4 (a medium non-officer rank). All veterans previously enrolled in the Navy hearing conservation program apply for US Department of Vetern Affairs (VA) benefits and undergo a VA compensation and pension exam. The veteran has 2.18 dependents, whose cost is the average of the costs of the various types of dependent (eg, child, dependent parent, etc.) The cost of hearing aids and the hearing-threshold-based probability of issuing hearing aids are the same for the VA and the Navy. If hearing aids are worn, audiological exams and hearing aid checks are repeated annually. Hearing aids are replaced every five years. No significant noise exposure occurs outside working hours (while on active duty) or after retirement. Death occurs at age 77 if the age of 40 is reached.
Specific assumptions to the example population of machinist's mates Noise exposure in the main machinery room begins at age 20, following 2 years of training, and ends at age 38 with retirement. Machinist's mates work in the main machinery room 12 hours per day, 7 days per week, for a total of 6 years (spread over 20 years). Taking hearing protection and extended workshifts into account, the e�uivalent exposure level for machinist's mates is 93 dB(A).
the e�uivalent exposure level for machinist's mates is 93 dB(A). is 93 dB(A). The NIHL incurred by machinist's mates is binaurally symmetrical. disposable earplugs, and lost worktime. This last cost was calculated assuming that the average pay grade for an HCP enrollee is E-4 (a medium non-officer rank).
At the time of the annual audiogram, automated software checks for the occurrence of a significant threshold shift (STS). A STS is defined as an average change of 10 dB or more at the frequencies of 2000, 3000, and 4000 Hz, in either ear, relative to the sailor's baseline audiogram. If an STS occurs, it must be verified with a follow-up audiogram. If the STS is resolved (ie, reverts to baseline STS) at that time, no STS is recorded for that year. If the STS persists, a second follow-up audiogram is performed immediately. Again, if the STS is resolved, no STS is recorded. If the STS persists on the second examination, the sailor may be referred to an audiologist for consultation. Additionally, the sailor's baseline audiogram is reset. The two follow-up audiograms and the audiologist consultation accrue costs for the procedures and the sailor's lost worktime.
Probabilities associated with the annual monitoring audiometry include the sailor's probability of showing up for initial and follow-up appointments and the rates of true and false positive STS. (A false negative STS does not incur costs.) These probabilities were estimated from the results of a data-repository query for the 18-month period, beginning January 2004, and from consultation with Navy and VA officials and audiologists. Table 2 defines these probabilities and gives their estimated values. Table 3 lists the steps associated with annual monitoring audiometry and their associated probabilities and costs; it also provides a calculation of the expected cost of annual monitoring audiometry. As table 3 shows, the total annual per-enrollee cost of monitoring audiometry depends upon whether or not the enrollee incurs an STS.
To calculate costs associated with the prescription of hearing aids to active-duty sailors, we assumed the following steps: (i) an initial audiological examination is performed to determine hearing aid candidacy; (ii) hearing aids are selected, issued, and evaluated; (iii) audiological exams and hearing aid checks are repeated annually; (iv) the sailor receives a supply of batteries; and (v) the hearing aids are replaced on average every five years. The annual cost of these steps, averaged over the five-year life of the hearing aids, was calculated at US$440.03.
Hearing aid candidacy is based on multiple considerations, not just hearing-threshold levels; however, thresholds are a primary consideration, and other decision factors are considerably more complicated to model. The military audiologists we consulted provided a threshold-based decision criterion for issuing hearing aids. For hearing threshold levels at 1000, 2000, 3000, and 4000 Hz, determine L -the highest average of any two adjacent frequencies. If L=30 dB hearing level (HL), the probability of issuing hearing aids is 15%. This probability doubles for every 10 dB increase in L, with 100% probability reached at L=58 dB HL.
Most training costs occur relatively early in a sailor's career. The average annual training cost is equal to the total training cost amortized over the average tenure in that occupational specialty. If a sailor accrues sufficient hearing loss, he/she may no longer meet minimum audiometric standards for his/her occupational specialty and may be reassigned. This disqualified sailor's annual training cost is higher than that of the average sailor, because his/her tenure is shorter than average. The excess retraining cost averaged over all of the sailors in our example population (see example population section) was US$1378, but we did not include that in the total since general practice is to waive the disqualification.
VA costs. We assumed that upon retirement, all veterans previously enrolled in the Navy HCP apply for VA benefits and undergo an audiology compensation and Table 2 . Rates and probabilities associated with US Navy annual monitoring audiometry. Table adapted The computation cycle for the model is one year. Presence/absence of STS depends on the predicted hearing loss for that year from ANSI S3. 44-1996 (11) . Thus, for a given individual, p(true STS) is either 0 or 1 for any given year. c Typically, the second follow-up audiogram occurs immediately after the first, if the first does not resolve the STS. We assumed that every sailor who needs the second follow-up audiogram obtains it if he/she is present for the first follow-up. d From consultation with military audiologists.
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pension (audio C&P) examination with a one-time cost of US$110.00. Depending on the results of the audio C&P examination, hearing-related VA benefits may or may not ensue. Other VA costs related to NIHL include those associated with VA administration and overhead, hearing aids, and disability compensation.
VA overhead was estimated as the administrative fraction of the direct costs summarized in the VA 2005 performance and accountability report (12) . The rate was 39.2% for medical benefits and 4.1% for compensation payments.
VA-specific cost information on hearing-aid benefits was unavailable. The annual cost of hearing aids and the hearing-threshold-based probability of issuing hearing aids were adopted from the Navy model.
To be eligible for disability benefits (either at retirement or at a future time if hearing loss worsens), the veteran's hearing loss at the time of his/her departure from the military must be "as likely as not" related to military service, as determined by the VA. For the model, we adopted the following criterion as a substitute for the VA's "as likely as not" determination: a veteran is potentially eligible for disability benefits only if he/she incurred an STS while on active duty. The rationale for this simplification is that the STS can be considered objective evidence of NIHL sustained during service.
Compensation does not automatically ensue even if the hearing loss is connected to service. Instead, compensation is based primarily on the percentage of disability, which is a somewhat arbitrary quantity that takes into account hearing-threshold levels, word-recognition scores, and asymmetry of loss. The VA provides guidelines for cases in which only hearing threshold levels are available (as in our model). Since the noise exposure for our chosen population (see next section) is steadystate (ie, constant) and relatively omni-directional, we assumed symmetrical hearing loss. (Compensation for asymmetrical hearing loss would likely be lower.)
The amount of compensation is also affected by complex VA policies that were not included in the model because they tend to offset one another and may not add much to the utility of the model. These include policies regarding the sailor's number and type of dependents, combat-related compensation, more than one disability type, and care-giving responsibilities for a spouse. Our model assumes 2.18 dependents (13), whose cost is the average of the costs of the various types of dependent (eg, child, dependent parent). Table  4 lists percentages of disability, associated hearing loss ranges, and the monthly cost of disability compensation (all figures from 2004), taking these simplifying caveats into account. Compensation benefits are paid until the veteran dies. It should be noted that the cost of disability compensation to the government is somewhat reduced by VA policies (in force in 2005) regarding concurrent retirement and compensation pay, and in many cases will not equal the amounts presented in table 4. These cost offsets were taken into account in the model.
Example population
To illustrate our model, we identified an occupational specialty within the US Navy for which noise exposure is fairly predictable, namely, specially trained machinist's mates working in the main machinery room of Nimitzclass aircraft carriers. Machinery room noise is broadband and relatively steady-state. The "typical" career machinist's mate works in the main machinery room seven days per week, 12 hours per day, for an estimated six years in total. This shipboard noise exposure is spread over a 20-year career, and is weighted more heavily in the early years of the machinist's mate's career. From previous work (14, 15), we estimated the equivalent exposure level of the machinist's mates, taking the wearing of hearing protection into account, to be 93 dB(A) [corresponding to exposure to 90 dB(A) for 84 hours per week].
Modeling noise-induced hearing loss
Predicted rate and severity of hearing loss in the machinist's mates was calculated according to the American National Standards Institute (ANSI) determination of occupational noise exposure and estimation of noise-induced hearing impairment: S3.44-1996 (11). ANSI S3.44-1996, adapted almost verbatim from the International Organization for Standardization (ISO) 1999 acoustics standard (16), provides algorithms for calculating: (i) probability distributions of predicted noise-induced permanent threshold shifts, (ii) predicted hearing thresholds associated with age, and (iii) predicted hearing thresholds associated with both age and noise exposure. The input variables required by the ANSI algorithms are age, duration of noise exposure, and equivalent noise-exposure level. For the machinist's mates, noise exposure in the main machinery room was assumed to begin at age 20, following 2 years of training. Retirement occurs at age 38. No significant noise exposure was assumed outside working hours (while on active duty) or after retirement. Statistical death occurs at age 77 if the age of 40 is reached (17) . Using ANSI S3.44-1996, we calculated predicted hearing threshold distributions for the machinist's mates for each year from age 18-77 years, given the assumed noise exposure conditions. The calculation of Navy and VA costs were based on these distributions of hearing loss. Figure 1 shows the range (5 th and 95 th percentile) of predicted hearing thresholds associated with age and noise for machinist's mates at 18, 38, and 77 years of age. These ages correspond to the milestones of enlistment, retirement, and death, respectively. While some sailors are predicted to retain near-normal hearing for their entire lives, others will accrue considerable hearing loss (primarily age-related) by the age of 77.
Running the cost model on the example population
We assumed that the machinist's mate enlists at age 18, receives 2 years of basic and advanced training, becomes a machinist's mate, accrues 6 years of noise exposure at an equivalent level of 93 dB(A), retires after 20 years of service, and dies at age 77. The probability distribution of susceptibility to noise is divided into discrete intervals with widths of 0.01, from 0 (most susceptible) to 100 (least susceptible) [eg, (0.00-0.01), (0.01-0.02),…,(0.98- Table 4 . Simplified cost of veterans' disability compensation for hearing loss. Assumes 2.18 dependents. Figure 1 . Range of projected hearing threshold levels of the example population of US Navy machinist's mates at enlistment (age 18), retirement (age 37), and statistical mortality (age 77). Closed and open symbols indicate 95 th and 5 th percentiles of the population, respectively. The separate inverted triangle at 6 kHz indicates a threshold beyond measurable limits. -1.00) ]. Using ANSI S3.44-1996, we calculated hearing-threshold levels for the centers of each probability interval (eg, 0.005 for the probability interval 0.00-0.01) for each year from age 18-77 years, according to the noise exposure pattern described previously.
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As a hypothetical example, let us take a male sailor who represents the most susceptible probability interval (ie, 0.00-0.01). For the first four years, the only costs that accrue for this sailor are the fixed Navy HCP overhead (US$12.21 annually) and the cost of annual monitoring audiometry with no STS (US$68.52 annually). By the fifth year, the sailor's hearing thresholds, according to ANSI S3.44-1996, have deteriorated to the point that there is a small (15.7%) probability that he will be issued a hearing aid (cost = 0.157 × US$440.03 = US$69.18). This cost is added to the overhead and annual monitoring audiometry costs for that year. In year six, the sailor experiences an STS for the first time. Due to the follow-up associated with the STS (described previously), the cost of monitoring audiometry for that year is US$111.46. The probability of receiving a hearing aid increases slightly as well. Both of these events add to the fixed annual HCP cost. In year seven, the probability of being issued a hearing aid increases further, but the cost of monitoring audiometry returns to US$68.52 because there is no STS that year. Costs accrue in this manner until retirement. At that point, a one-time cost of US$110.00 for the retirement audio C&P exam is incurred and the sailor (now a veteran) is almost certainly wearing a hearing aid. He is found to have service-connected hearing loss with a 0% percent disability. For the first sixteen years of retirement, the only VA costs are those associated with overhead and the maintenance of the hearing aid. By the 17 th year of retirement, the veteran's hearing loss has reached the 10% disability level, and he begins to receive disability compensation. Over the next 23 years, the percent disability (along with the associated cost of compensation) rises from 10-50%. At the time of death, the cumulative NIHL-related cost over the sailor-veteran's lifespan is US$64 172.39.
Costs are calculated the same way for all probability intervals and range from a high of US$64 172.39 for the interval (0.00-0.01) to a low of US$862.34 for the interval (0.99-1.00). The average, or expected, cost is equal to the sum of the costs for each probability interval divided by 100. This cost (ie, the total expected NIHLrelated cost over a sailor's lifespan) is US$13 471. Figure 2 shows the accumulation of expected NIHLrelated cost as a function of age.
Sensitivity analysis
Of interest to users of cost models is how the expected cost changes if inputs to the model change. We examined the effects on expected cost of changing the duration of noise exposure and equivalent noise-exposure level of the machinist's mates. To do this, we ran model computations in MATLAB for equivalent noise-exposure levels ranging from 85-100 dB(A) in 1-dB steps, for noise exposure durations ranging from 0-12 years in 1-year steps. These ranges in noise level and duration encompass likely lower and upper bounds for potential machinist's mate exposure. Figure 3 shows the expected cost as a function of equivalent noise-exposure level for three representative durations: 3, 6, and 12 years. These durations correspond to the "typical" duration (ie, 6 years), and half and twice the "typical" duration. The nominal case of 6 years of exposure to an equivalent level of 93 dB(A) is marked with an cross on the graph for reference. 
Results
As expected, figure 3 shows that the economic cost of NIHL is a monotonically increasing function of both noise-exposure level and duration. Between 85-100 dB(A), cost is a roughly linear function of exposure level for all exposure durations; between 3-12 years of exposure, cost is less than proportional to exposure time. Moreover, figure 3 reveals that cost rises more rapidly as years of exposure increase. This is shown by the greater divergence of costs for 3, 6, and 12 years of exposure at 100 dB(A) than at 85 dB(A), primarily because of the large effect of the small number of VAcompensable cases.
Our nominal noise exposure case [93 dB(A) for 6 years; shown by the cross on the graph] yielded total expected NIHL-related costs of US$13 472 over the lifetime of a US Navy machinist's mate. The relative effects of exposure level and years of exposure on cost can be assessed by changing each variable by a fixed percentage. Starting with the nominal case, a decrease of 50% [ie, 10 × log(0. 
Discussion

Interpretation of findings
From the sensitivity analysis, we concluded that a reduction in noise level would be somewhat more costeffective than the same percentage reduction in years of exposure. Information generated by the model could be analyzed further to pinpoint the portion of the population that generates the greater share of costs. For example, in the case of machinist's mates, 22% of the population generates 50% of the costs. Knowing which portion of the population generates the most costs, and at what point in their careers, could allow for more strategic targeting of hearing-conservation approaches.
Limitations
Our economic model of NIHL was created with a single example population in mind; it is not immediately generalizable to other populations at present. Noise exposure data, cost data, assumptions, rates, and probabilities must be reassessed for each population, and updated and refined at regular intervals to keep the model current.
At this time, we are able to estimate the predicted savings in government-borne NIHL-related costs that would result from a decrease in noise-exposure level or years of exposure for machinist's mates. Importantly, however, we cannot yet compare those savings against the costs of the engineering or administrative controls necessary for their realization. Nevertheless, our model can provide the NIHL-related numbers to enter a costbenefit or trade-off exercise, once a specific engineering or administrative change is under consideration.
Due to a lack of data, we assumed no hazardous-noise exposure following retirement. However, this is almost certainly not the case for many veterans. In our model, as long as the veteran incurred an STS during active duty, his/her hearing loss is potentially compensable, even if most of the loss occurred subsequent to retirement. The NIHL-related cost calculated with our model could accordingly be seen as a lower bound of the true cost.
Validity
It is always desirable to validate a model by directly comparing its output to established data. Unfortunately, those data were not available to us because records and accounts are not centralized, nor are they maintained by the VA according to a veteran's military occupation.
Adaptation of cost model to civilian populations
Our cost model for NIHL could be adapted for use with civilian populations. First, using ANSI S3.44-1996, predicted hearing loss should be calculated at every age, for probability intervals of width ≥0.01, from the average age at first employment to the age at which any NIHL-related benefits, such as workers' compensation, cease (eg, statistical mortality). For some occupations, exposure to impulse rather than steady-state noise is the norm. In that case, a predictive model of NIHL due to impulse or combined impulse/steady-state exposures should be incorporated in place of ANSI S3. 44-1996. Second, given the calculated hearing thresholds, NIHL-related costs must be calculated for each probability interval, for each age. To do this, costs of all NIHL-related items and the probability of their occurrence, must be known. The cost of tinnitus secondary to NIHL should be included if warranted. Naturally, the civilian cost structure will differ from the military one. A discussion of these differences is outside the scope of this article. Rates and probabilities (eg, rate of false positive STS) could be estimated from company records, or a bracketing approach could be used in which the costs of best-and worst-case scenarios are calculated. The cumulative costs in each probability interval could be averaged to determine the expected lifetime NIHL-related cost of an employee. The sensitivity of expected cost to various Tufts et al cost factors could be demonstrated by varying inputs to the model, as shown in figure 3 for the present case.
Future versions of this model could be used by system designers, acquisition personnel, occupational medicine specialists, industrial hygienists, and others to project the economic impact of adopting hearing conservation strategies such as altering personnel schedules or lowering noise levels.
